The recent success of antibody-drug conjugates (ADCs) in the treatment of cancer has led to a revived interest in microtubuledestabilizing agents. Here, we determined the high-resolution crystal structure of the complex between tubulin and maytansine, which is part of an ADC that is approved by the US Food and Drug Administration (FDA) for the treatment of advanced breast cancer. We found that the drug binds to a site on β-tubulin that is distinct from the vinca domain and that blocks the formation of longitudinal tubulin interactions in microtubules. We also solved crystal structures of tubulin in complex with both a variant of rhizoxin and the phase 1 drug PM060184. Consistent with biochemical and mutagenesis data, we found that the two compounds bound to the same site as maytansine and that the structures revealed a common pharmacophore for the three ligands. Our results delineate a distinct molecular mechanism of action for the inhibition of microtubule assembly by clinically relevant agents. They further provide a structural basis for the rational design of potent microtubuledestabilizing agents, thus opening opportunities for the development of next-generation ADCs for the treatment of cancer.
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drug mechanism | microtubule-targeting agents | X-ray crystallography M icrotubule-targeting agents such as the taxanes and the vinca alkaloids represent a successful class of anticancer drugs (1) . Vinblastine, for example, is a microtubule-destabilizing agent (MDA) that is widely used in combination therapy for the treatment of childhood and adult malignancies (2) . The broad clinical application of MDAs, however, is hampered by their severe adverse effects (3) . This problem has been very recently addressed by the use of antibody-drug conjugate (ADC) approaches, which have revived interest in the development of highly potent MDAs for therapeutic use (4) (5) (6) .
For several important MDAs, the molecular mechanism of action on tubulin and microtubules has so far remained elusive. Rhizoxin, for example, is a potent MDA that has been investigated in phase 2 clinical trials, but for reasons poorly understood, it has demonstrated only very limited clinical efficacy (7) . At the molecular level, it is well established that rhizoxin interferes with the binding of vinblastine to tubulin; however, the exact location of its binding site has been a matter of debate (8) (9) (10) . Interestingly, biochemical and mutagenesis data suggest that the structurally unrelated MDA maytansine (9, 11) , which is part of an ADC that was recently approved by the FDA for the treatment of advanced breast cancer (11, 12) , and the phase 1 drug PM060184 (13, 14) (Fig. 1A) share a common tubulin-binding site with rhizoxin (9, 13, 14) . These two latter drugs have also been reported to interfere with the binding of vinblastine; however, as for rhizoxin, the exact binding sites and modes of action of maytansine and PM060184 have not been elucidated (9, (14) (15) (16) .
To establish the exact tubulin-binding site of rhizoxin, maytansine, and PM060184 and to clarify their specific interactions with the protein, we have investigated the structures of the corresponding ligand-tubulin complexes by X-ray crystallography.
Our data reveal a new tubulin-binding site and pharmacophore for small molecules, and binding to this site is associated with a distinct molecular mechanism for the inhibition of microtubule formation.
Results and Discussion
A New Tubulin-Binding Site for Structurally Diverse MDAs. We initially sought to investigate the molecular mechanism of action of rhizoxin. To provide insight into the binding mode of rhizoxin with tubulin, we soaked crystals of a protein complex composed of two αβ-tubulin (T 2 ), the stathmin-like protein RB3 (R), and tubulin tyrosine ligase (TTL; the complex is denoted T 2 R-TTL) (17, 18) with the natural rhizoxin variant 2,3-desepoxy rhizoxin (19) [referred to as "rhizoxin F" from here on (20) ; Fig. 1A ] and determined its tubulin-bound structure by X-ray crystallography at 2.0-Å resolution (Fig. 1B and Table S1 and Fig. S1A ). The overall structure of tubulin in the tubulin-rhizoxin F complex superimposed well with the one obtained in the absence of the ligand (17) (rmsd, 0.124 Å over 354 Cα atoms). This result suggests that binding of the compound does not affect the global conformation of the tubulin, although we cannot exclude that the ligand may affect the conformation of the protein in its free state. More important, rhizoxin F was found to bind to a site on β-tubulin that is distinct from what is commonly referred to as Significance Microtubules are dynamic protein filaments assembled from tubulin subunits, which play a key role for cell division. Ligands that target microtubules and affect their dynamics belong to the most successful classes of chemotherapeutic drugs against cancer by inhibiting cell proliferation. Here we have analyzed three structurally unrelated drugs that destabilize microtubules, using X-ray crystallography. The data reveal a new tubulin-binding site for these drugs, which renders their mechanism of action distinct from that of other types of microtubule assembly inhibitors. Similar key interactions with tubulin are observed for all three ligands, thus defining a common pharmacophore. Our results offer an opportunity for the rational design of potent tubulin modulators for the development of more efficient cancer therapies.
the vinca domain, which is targeted by vinblastine (21-23) (Fig.  1C ). As shown in Fig. 1D , this pocket is adjacent to the guaninenucleotide binding site and is shaped by hydrophobic and polar residues of helices H3′, H11, and H11′, as well as the loops S3-H3′ (T3-loop), S5-H5 (T5-loop), and H11-H11′ of β-tubulin.
It has been previously suggested that the structurally distinct MDAs maytansine (9, 11) and PM060184 (13, 14) (Fig. 1A) share a common tubulin-binding site with rhizoxin (9, 13, 14) ; however, both drugs were also reported to interfere with the binding of vinblastine (9, (14) (15) (16) . To clarify the exact binding site of maytansine and PM060184 on tubulin and their mode of interaction with the protein, we solved tubulin structures in complex with either drug at 2.1-and 2.0-Å resolution, respectively, using the same experimental approach as for rhizoxin F (Fig. S1 B and C and Table S1 ). We found that both compounds bound to the same site on β-tubulin as rhizoxin F (Fig. 2 A-C). Similar to rhizoxin F, one part of the macrocycle of maytansine is engaged with β-tubulin residues at the binding interface, whereas the remaining parts of the ring structure project into solution, thus creating a bulky extrusion at the tip of the β-tubulin subunit (Figs. 1D and 2A). In contrast, PM060184 assumes an extended, linear conformation with only the tert-butyl group being markedly solvent-exposed (Fig. 2B) , a finding consistent with NMR measurements (14) .
Notably, mutation of the β-tubulin residue Asn100 in the fungus Aspergillus nidulans (Asn102, as defined here according to ref. 24 ) conveys resistance to rhizoxin, ansamitocin P3 (a maytansine variant), and PM060184 (14, 25) . This observation is consistent with the key role of the side chain of this asparagine residue in ligand binding, as revealed by our structures (Figs. 1D  and 2B ). The acetylated nitrogen of the N-methyl alanine group in maytansine (N2′) is solvent-exposed in the tubulin-maytansine complex, suggesting that the attachment of even bulkier substituents to this atom should not interfere with the interactions of the maytansine macrocycle with the protein. This is in line with the strong tubulin effects that have been observed for the maytansine derivatives S-methyl-DM1 and S-methyl-DM4 (26), which contain N2′-acyl moieties that are significantly larger than the natural acetyl group in maytansine. These findings suggest that both derivatives bind to tubulin in a similar way as maytansine; this should also hold true for lysine-Ne-MCC-DM1, the pharmacologically active, intracellular metabolite of the ADC ado-trastuzumab emtansine (27) .
Rhizoxin F, Maytansine, and PM060184 Share a Common Pharmacophore.
Closer inspection of the tubulin-binding mode of rhizoxin F, maytansine, and PM060184 revealed three shared key interaction points with the protein, which include hydrogen bonds between the carbonyl groups at positions 5b, 7a, and 1 of rhizoxin F, maytansine, and PM060184, respectively, and residues Asn102 and Lys105 of β-tubulin; hydrogen bonds between the hydroxyl/ carbonyl oxygens at positions 13 (rhizoxin F), 1 (maytansine), and 13 (PM060184) and Val181 of β-tubulin; and hydrophobic interactions between the methyl groups at positions 8a (rhizoxin F), 6a (maytansine), and 27 (PM060184) of the ligands and a pocket shaped by residues Asn101, Asn102, Val182, Phe404, and Tyr408 of β-tubulin. These conserved tubulin interaction points constitute a common pharmacophore (Fig. 2D) . Further, predominantly hydrophobic contacts are established by the side chain of rhizoxin F and the C15-C33 moiety of PM060184 that occupy adjacent pockets formed by helices H5 and H11 and by the T5 and H11-H11′ loops of β-tubulin, respectively. These interactions, in addition to those associated with the common pharmacophore, are essential for the full activity of both the ligands (28, 29) .
In the following, the newly discovered drug-binding site on β-tubulin is referred to as the maytansine site.
Maytansine-Site Ligands Inhibit Longitudinal Tubulin Interactions.
Tubulin dimers experience a "curved-to-straight" conformational transition on assembly into microtubules (30) . To assess possible structural changes of the maytansine-site that could be induced on tubulin assembly, we compared structures of β-tubulin in the curved and straight conformational states. Superimposition of these structures revealed that the overall conformation of the maytansine site is not significantly affected by the curved-to-straight transition (rmsd, 0.66 Å over 73 Cα atoms; Fig. S2 ). This analysis suggests that maytansine-site ligands can bind to both the curved and straight tubulin states.
To assess the mechanism by which maytansine-site ligands may destabilize microtubules, we modeled the interactions of rhizoxin F, maytansine, and PM060184 with β-tubulin in the context of a microtubule. For this purpose, we used an atomic model of a microtubule that is based on a 3.5-Å resolution, electron crystallography structure of "straight" tubulin obtained from protofilament-based zinc sheets (24) , as well as cryo-electron microscopy reconstructions of microtubules at about 8-Å resolution (31, 32) . As shown in Fig. 3 A and B , binding of a ligand to the maytansine site in all three cases sterically hinders the formation of longitudinal tubulin-tubulin interactions established between the pocket that accommodates the pharmacophore, which is shaped by loops S3-H3, S5-H5, and H11-H11′ of β-tubulin, and helix H8 of α-tubulin. Additional steric clashes were observed between the side chain of rhizoxin F and the C15-C33 moiety of PM060184, as well as between the loop H10-S9 and strand S8 of α-tubulin, respectively (Fig. 3 B and C) .
Implications. Our results establish a new ligand-binding site on β-tubulin that is targeted by clinically relevant anticancer drugs, and it is conceivable that other classes of microtubule drugs will also bind to this site. The data further suggest that maytansinesite ligands destabilize microtubules by either sequestering tubulin subunits into assembly-incompetent tubulin-drug complexes at high ligand concentrations or inhibiting the addition of tubulin subunits at the plus ends of growing microtubules by blocking longitudinal tubulin interactions at substoichiometric ligand concentrations (Fig. 4) . This mechanism is distinct from the one exerted by vinca domain ligands. The latter inhibit the formation of microtubules by introducing a wedge at the longitudinal interface between two tubulin dimers and by stabilizing curved tubulin oligomers that are not compatible with the straight tubulin structure found in microtubules (21) (22) (23) (Fig.  4) . The "poisoning" of microtubule plus ends by maytansinesite ligands explains the aberrant microtubule phenotypes observed in cells at subnanomolar concentrations of, for example, PM060184 (14) .
If they do not interact with the vinca domain, why then do maytansine-site ligands interfere with vinblastine binding to tubulin dimers (10, 14) ? The vinca domain is a composite binding site formed by structural elements from both α-and β-tubulin monomers of two different, consecutive αβ-tubulin heterodimers (21-23) (Fig. S3) . Our data suggest that the binding of ligands to the maytansine site prevents the formation of the complete vinca domain from the two half sites, thus leading to an impairment of ligand binding; conversely, formation of the full vinca domain/vinca ligand complex prevents access to the maytansine site (Fig. 4) . Conflicting hypotheses have been advanced in the literature for the mode (competitive versus noncompetitive) of mutual inhibition of tubulin binding by maytansine and vinblastine (8) (9) (10) . Our model readily explains why the binding of maytansine-site and vincadomain ligands to tubulin is mutually exclusive without having to invoke a competitive inhibition mechanism.
Although MDAs are successfully used in cancer therapy, their use is limited by substantial adverse effects. However, the (1) In the absence of ligands, curved αβ-tubulin heterodimers assemble into microtubules and undergo a curved-to-straight conformational transition. Formation of longitudinal contacts include the interaction between a pocket shaped by loops S3-H3, S5-H5, and H11-H11′ of the β-tubulin subunit of one dimer (cavity) and helix H8 of α-tubulin from a neighboring dimer in the microtubule lattice (knob). (2) Vinblastine binds to the vinca domain, a composite binding site that is formed by structural elements from both α-and β-tubulin monomers of two different, longitudinally aligned αβ-tubulin heterodimers. The MDA destabilizes microtubules by introducing a wedge at the interface between two tubulin dimers at the tips of microtubules, thus inhibiting the curvedto-straight conformational transition necessary to build up the microtubule lattice (2a), or by stabilizing curved, ring-like oligomers that are not compatible with the straight tubulin structure found in microtubules (2b). (3) Maytansine-site ligands bind to the site on β-tubulin that is involved in the formation of longitudinal contacts in microtubules. These types of MDAs destabilize microtubules either by binding to the plus ends of growing microtubules at substoichiometric ligand concentrations, thus inhibiting the addition of further tubulin subunits (3a), or by forming assembly incompetent tubulin-drug complexes with unassembled tubulin subunits at high ligand concentrations (3b). Note that in vitro at high Mg 2+ concentrations, tubulin-PM060184 complexes can assemble into small ring-like oligomers (14) .
incorporation of MDAs as drug cargo in ADCs has recently expanded their utility and revived strong interest in their clinical potential (4, 5) . Brentuximab vedotin, which carries the MDA monomethyl auristatin E (33) and the maytansine-derived trastuzumab emtansine (12) , were approved by the US Food and Drug Administration for the treatment of patients with Hodgkin lymphoma and metastatic breast cancer in 2011 and 2013, respectively. Both ADCs display excellent efficacy and are remarkably well-tolerated, thus highlighting the effect of the antibody-MDA conjugate approach. Microtubule-targeting agents are often complex, natural product-derived molecules that are highly challenging in terms of large-scale production. To the best of our knowledge, no common pharmacophore based on high-resolution structural data exists for any of the currently known drug-binding sites on tubulin. Thus, the structural information presented in this article for the maytansine site offers an opportunity for the rational design of highly potent, small-molecule MDAs that may help in the development of next-generation ADCs for cancer treatment.
Materials and Methods
Proteins and Compounds. Bovine brain tubulin was prepared according to ref. 34 . The production of the stathmin-like domain of RB3 and chicken TTL in bacteria, as well as the reconstitution of the T 2 R-TTL complex, is described in refs. 17, 18, and 30. The synthesis of 2,3-desepoxy rhizoxin and PM060184 has been described elsewhere (13, 19) . Maytansine was obtained from the National Institutes of Health Open Chemical Repository Collection.
Crystallization, Data Collection, and Structure Solution. Crystals of T 2 R-TTL were grown as described in refs. 17 and 18 and soaked overnight in reservoir solutions containing either 1 mM 2,3-desepoxy rhizoxin or 5 mM PM060184. In the case of maytansine, the crystals were soaked for 15 min in the presence of 1 mM compound in reservoir solution before flash-cooling. Crystals were fished directly from the drop and flash-cooled in a nitrogen stream at the beamline. Standard data collection at beamlines ×06DA and ×06SA at the Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland), data processing, and structure solution using the difference Fourier method were performed as described previously (17, 18) . Data collection and refinement statistics are given in Table S1 .
Structural Analysis and Figure Preparation.
Figures were prepared using the PyMOL Molecular Graphics System, version 1.5.0.5 (Schrödinger, LLC). Chains in the T 2 R-TTL complex were defined as follows: chain A, α-tubulin-1; chain B, β-tubulin-1; chain C, α-tubulin-2; chain D, β-tubulin-2; chain E, RB3; and chain F, TTL (Fig. 1B) . Chains B and D were used throughout for the structural analyses and figure preparation.
